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ABSTRACT
We have accumulated multiwavelength (X-ray, optical, radio) lightcurves for the eight black
hole X-ray binaries which have been observed to enter a supposed ‘soft X-ray transient’ outburst,
but remained in the low/hard state throughout the outburst. Comparison of the lightcurve
morphologies, spectral behaviour, properties of the quasi-periodic oscillations and the radio jet
provides the first study of such objects as a sub-class of X-ray transients. However rather than
assuming that these hard state X-ray transients are different from the ‘canonical’ soft X-ray
transient, we prefer to consider the possibility that new analysis of both soft and hard state
X-ray transients in a spectral context will provide a model capable of explaining the outburst
mechanisms of (almost) all black hole X-ray binaries.
Subject headings: accretion, accretion disks — stars: black hole candidate — X-rays: binaries
1. Introduction
With the list of known soft X-ray transients
(SXT) growing longer every year and now totalling
≥ 30 it is inevitable that we should find a few
sources which do not follow the classical behaviour
that we expect. In particular, there are a number
of supposed black hole SXTs which do not show
a soft component in their X-ray spectra. Instead
they display power-law emission across the X-ray
energy spectrum, despite some sources reaching
high luminosities.
Models for SXT outbursts predict the presence
of a thin accretion disc to explain the soft black-
body spectrum emitted by the lower energy X-rays
(e.g. Esin et al. 1997). The power-law emission at
higher energies is thought to be produced via re-
processing in some form of hot plasma (e.g. corona
or advection dominated accretion flow), which sur-
rounds the compact object and upscatters disc
and/or stellar photons to higher energies via the
inverse Compton emission mechanism. This soft
spectrum has indeed been observed in the major-
ity of soft X-ray transient outbursts.
1.1. The low/hard state
Some sources, however, show power-law emis-
sion down to low X-ray energies and this has been
the case for the sources considered in this paper;
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despite entering outburst there has been no ev-
idence for a soft blackbody component at X-ray
wavelengths. In these objects it is assumed that
all X-ray emission is produced via reprocessing in
the ‘corona’ and not in the accretion disc.
The power-law X-ray energy spectrum is typi-
cal of black hole candidates in the low/hard state,
most notably Cyg X-1 which spends most of the
time in this state (Brocksopp et al. 1999). Cor-
responding X-ray power spectra for these sources
show a high level (relative to the other spectral
states) of low-frequency noise, a broken power-law
and at least one quasi-periodic oscillation. (See
e.g. van der Klis (1995) for further definition of
spectral states.) The state is also characterised by
the presence of a low-intensity, but extremely pow-
erful, radio jet which emits synchrotron radiation
at radio and often higher frequencies (Fender 2001;
Corbel & Fender 2002). During the high/soft state
we see the presence of the soft black-body compo-
nent in the X-ray spectrum and the quenching of
the radio jets, although rapid radio-emitting ejec-
tions appear to accompany changes in X-ray spec-
tral hardness (e.g. Brocksopp et al. 2002) – it is
this behaviour that we expect in the classic black
hole SXT events.
In this paper we take a closer look at eight
black hole ‘SXTs’ which, on the basis of their ob-
served X-ray and radio properties, have been re-
ported to have spent the whole of their outburst in
the low/hard state. Although observing coverage
was incomplete for the less recent outbursts, each
source (other than 4U 1543−475) was observed at
low X-ray energies for the whole outburst or at
least a month after the initial rise, by which time
the decay had started and no soft disc component
had been discovered; while it is common for SXTs
to spend some time in the low/hard state prior to
softening, this period is generally only a few days
(the longest initial low/hard state period observed
to date is that of XTE J1650−500 which remained
hard for ∼ 1 month before softening but also con-
tinued to rise in flux; Wijnands priv. comm.).
Thus it is unlikely that any of the sources made
an unobserved transition to a softer state. The
sources are listed in Table 1 along with the date
of the low/hard state outburst, the observations
which took place and the sources from which we
obtained data-points; the observing coverage at
the various different frequencies can be seen in the
lightcurves plotted in Fig. 1. A brief summary of
the properties of each source, in chronological or-
der of low/hard state outburst, is given below.
1.2. V404 Cyg
V404 Cyg is probably one of the best-known
X-ray transient sources on account of its high lu-
minosity and levels of variability (at various wave-
lengths) during both outburst and quiescence (e.g.
Tanaka & Lewin 1995, Hynes et al. 2002) and
many observations exist (e.g. Han & Hjellming
1992, Shahbaz et al. 1994). Despite the high lu-
minosity of the outburst, the lack of soft compo-
nent present in the X-ray spectrum suggests that it
was indeed a low/hard state transient (e.g. Oost-
erbroek et al. 1997) – we note that this has been
disputed and that it may have spent a very short
period in the soft state (Z˙ycki et al. 1999) but
include it here for completeness.
1.3. A1524−62
A1524−62 has been observed in outburst
twice1, the first of which was a ‘normal’ SXT
event (Kaluzienski et al. 1975). The second out-
burst was observed in the hard X-ray regime by
SIGMA (Barret et al. 1992) and by chance was
also observed at soft X-rays during the ROSAT
All Sky Survey ten days before the SIGMA obser-
vation. The soft X-ray spectrum could be equally
well fit by either a cool black body or a power-law;
the presence of an ultra-soft component could not
be confirmed or ruled out (Barret et al. 1995).
We note, however, that the outburst was insuf-
ficient to trigger the soft X-ray all sky monitors
on-boardWATCH and Ginga, the latter providing
an upper limit of 50 mCrab which was consistent
with the ROSAT detection (Barret et al. 1995).
Thus we include this source as a possible hard
state candidate.
1.4. 4U 1543−475
4U 1543−475 is another recurrent transient
which has been observed in outburst four times1
1Due to the poor positional accuracy of the initial observa-
tions of A1524−62, 4U 1543−475 and GS 1354−64, it is of
course possible that the earlier outbursts of these systems
were in fact additional sources, as discussed by e.g. Brock-
sopp et al. (2001) and Kitamoto et al. (1987). However,
given that e.g. XTE J1550−564, GX 339−4 have indeed
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and was a classical SXT during the first two of
these, as well as the fourth and current outburst
(Matilsky et al. 1972, Kitamoto et al. 1984, Miller
& Remillard 2002). During the third event hard
X-ray observations revealed a power-law spectrum
(Harmon et al. 1992) but since there were no soft
X-ray observations we cannot confirm the presence
or otherwise of a soft component at lower frequen-
cies. We include this source as a possible hard
state candidate.
1.5. GRO J0422+32
GRO J0422+32 was first observed in 1992 when
the X-ray source entered a ‘canonical’ fast rise,
exponential decay type outburst (Paciesas et al.
1992). The energy spectrum was a hard power-
law (Sunyaev et al. 1994) and timing analysis
revealed properties consistent with the low/hard
state, although the expected anti-correlation be-
tween break frequency and power at the break was
not present (van der Hooft et al. 1999). The ra-
dio counterpart and the evolution of its spectrum
throughout the event are discussed in Shrader et
al. (1994). The optical counterpart was discov-
ered by Castro-Tirado et al. (1993) and the in-
tense optical monitoring which followed resulted in
the detection of two additional and unusual ‘mini-
outbursts’ (e.g. Callanan et al. 1995).
1.6. GRO J1719−24
GRO J1719−24 was detected simultaneously
by BATSE and SIGMA and was notable for the
stability of the emission at hard X-ray wave-
lengths (Harmon et al. 1993, Ballet et al. 1993).
The low/hard state nature was confirmed through
study of the X-ray energy spectra and found to be
comparable with that of Cyg X-1 in the low/hard
state (Revnivtsev et al. 1998); the power spec-
tra showed the presence of a QPO which varied in
frequency (van der Hooft et al. 1996). The radio
and optical counterparts were discovered by Della
Valle et al. (1994).
been observed recently to exist in a number of spectral
states (Corbel et al. 2001, 2003) there is currently no rea-
son to assume that these were necessarily different sources,
particularly as they lie in relatively uncrowded regions.
1.7. GRS 1737−31
GRS 1737−31 was discovered by SIGMA (Tru-
dolyubov et al. 1999) and was also observed by
RXTE/PCA, which confirmed the presence of the
hard power-law spectrum at lower energies (Cui et
al. 1997). Further X-ray observations were made
by BeppoSAX and ASCA (Heise 1997, Ueda et al.
1997) which improved the positional accuracy and
confirmed that the hard spectrum was still present
(at ∼ 2–20 keV) ∼ 2 weeks after the initial detec-
tion; there were no observations at optical or radio
wavelengths.
1.8. GS 1354−64
GS 1354−64 is another recurrent transient
and it has been observed during four different
outbursts1 (Brocksopp et al. 2001). Assuming
that all events were indeed from the same source,
this was first ever SXT outburst observed (then
named Cen X-2) and was also one of brightest (e.g.
Tanaka & Lewin 1995, and references therein).
The first and third events were characterised by
very soft X-ray spectra; the second and fourth
were hard events (Brocksopp et al. 2001 and ref-
erences therein) – on account of the observing
coverage we consider just the most recent event
in this paper, during which a hard power-law en-
ergy spectrum was observed throughout by RXTE
(Revnivtsev et al. 2000).
1.9. XTE J1118+480
XTE J1118+480 was discovered in 2000 during
an outburst (Remillard et al. 2000); the presence
of the low/hard state was determined from study
of the hard power-law X-ray energy spectrum and
the characteristic power-law, high rms noise and
QPO in the X-ray power spectrum (Revnivtsev et
al. 2000a). The optical and radio counterparts
were also discovered during the outburst (Uemura
et al. 2000, Pooley 2001, Fender et al. 2001).
2. Lightcurves
Lightcurves have been constructed for each of
the eight sources that has exhibited a low/hard
state outburst. The data points have been ob-
tained from the literature and the RXTE/ASM
and CGRO/BATSE web-sites (see Table 1). We
note that in a number of cases, datasets have been
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measured using the ADS software dexter; since
there is a certain amount of error involved in mak-
ing these measurements we recommend that the
points shown here are used as a guide and the orig-
inal papers consulted. For the same reason (and
also due to lack of availability) a number of our
plots do not show error bars – again these can be
seen in some of the original papers.
Although all data displayed here have been
published previously, it has been uncommon for all
wavebands to be analysed in conjunction with each
other (for combined X-ray/optical/radio analyses
see e.g. Brocksopp et al. 2001, Han & Hjellming
1992, McClintock et al. 2001). Therefore for each
source we have attempted to find data at X-ray
(in more than one energy band), optical and radio
wavelengths, although this was not always possi-
ble. Fig. 1 shows X-ray lightcurves for A1524−62,
4U 1524−475 and GRS 1737−31 and X-ray, op-
tical and radio lightcurves for V404 Cyg, GRO
J1719−24 and GRO J0422+32. Fig. 1 (contd.)
shows X-ray, optical and radio lightcurves for GS
1354−64 and XTE J1118+480. The X-ray in-
tensity values have all been converted into Crab
units according to the approximate conversions
presented in Table 2. Optical and radio points
are shown in milli-Janskys.
It is immediately apparent that each source
shows very different types of behaviour. The fast-
rise exponential-decay (FRED) lightcurve that is
considered the ‘classic’ signature of a soft X-ray
transient (see e.g. Chen et al. 1997) is not pre-
dominant in a number of these lightcurves; only
in V404 Cyg is the lightcurve morphology of both
X-ray and optical emission ‘canonical’, although
this being true also for A1524−62, 4U 1543−475
and GRS 1737−31 cannot be ruled out due to lack
of data. The X-ray, but not the optical, lightcurve
of GRO J0422+32, shows a FRED, as does the
‘precursor’ X-ray lightcurve of XTE J1118+480;
the second and more significant outburst of XTE
J1118+480 (X-ray and optical) shows a ‘plateau’
lightcurve morphology, as did the initial maximum
of GRO J1719−24. Continuing to use the nomen-
clature of Chen et al. (1997), the X-ray lightcurves
of GS 1354−64, the subsequent maxima of GRO
J1719−24 and possibly A1524−62, 4U 1543−475
and GRS 1737−31 show ‘triangular’ morpholo-
gies. The optical lightcurves of GRO J0422+32
and GS 1354−64 are indeterminate although pos-
sibly some variation on a FRED shape. The radio
lightcurves, although sometimes lacking in observ-
ing coverage, appear to display typical jet ejection
lightcurves as discussed in Fender (2001) and the
references listed in Table 1.
Each X-ray outburst, except GS 1354−64 (and
A1524−62?), is associated with at least one ad-
ditional secondary outburst either during the de-
cay (i.e. V404 Cyg, GRO J0422+32) or following
return to quiescence by a few tens to a few hun-
dreds of days (GRO J1719−24, XTE J1118+480,
GRS 1737−31) – some of these secondary max-
ima have been classified as a ‘glitch’, ‘bump’ or
‘mini-outburst’ by Chen et al. (1997). The main
outburst of GRO J1719−24 was followed by 4–5
smaller peaks, reminiscent of the 1994 outburst of
GRO J1655−40 (e.g. Harmon et al. 1995), al-
though the latter was much brighter and showed
more dramatic variability.
The optical lightcurves are not as well-correlated
with the X-rays as we might expect considering
that the optical light is thought to be due to
the reprocessing of X-rays, although the general
trends are often similar. It is not clear whether
or not the secondary maximum seen in the V404
Cyg optical lightcurve occurs also in the X-ray
and the few points available suggest that the
optical maximum of GRO J1719−24 was short-
lived, unlike the X-ray although they appeared to
rise (quasi-) simultaneously. The optical peak of
GRO J0422+32 may well have taken place prior
to the X-ray peak and then decayed much more
slowly than the X-rays; following the X-ray return
to quiescence, the optical flux density dropped
more rapidly before increasing ∼ 100 days later
in the first of two additional peaks, unaccompa-
nied by any X-ray behaviour. The partial optical
lightcurve of GS 1354−64 showed a decay while
the X-rays were still rising, a peak plus its decay
and then a further increase (this is discussed in
detail in Brocksopp et al. 2001). Conversely, the
optical lightcurve of XTE J1118+480 does seem
to be reasonably well-correlated with the X-rays.
Finally, where coverage is available, the main
outburst and the subsequent secondary maxima of
the X-ray lightcurves tend to be associated with
radio ejections, although this is not to say that the
lightcurves correlate, even when taking time-lags
into account; they do not correlate and this would
not necessarily be expected (Kuulkers et al. 1999).
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In the case of XTE J1118+480 the maximum radio
intensity was maintained during the extended X-
ray peak, reminiscent of the low/hard state jet of
Cyg X-1 and GX 339−4 (e.g. Fender 2001).
The most notable feature of these lightcurves
is their inconsistency – particularly considering
the similarities of their X-ray (and broad-band,
see Section 5) spectral behaviour. If we had con-
sidered just the multiwavelength lightcurves then
it is unlikely that these sources would have been
labelled a ‘class of object’ distinct from the gen-
uinely soft X-ray transients. These plots reveal a
number of questions yet to be answered by cur-
rent models. Why are some of the outbursts
FRED-type at one wavelength but not at others?
Why are such different lightcurves produced in
such (X-ray) spectrally similar sources? Why do
the secondary outbursts take place on such vari-
able timescales? Why are some of the outbursts
(un)correlated with other wavebands? Why are
the durations of the peaks so variable?
Most of these questions remain unanswered be-
cause, in applying the disc instability model (or
other models) to X-ray transients, we have failed
to consider the full multiwavelength aspect. The
dynamical effect of jets (such as removal of power
and angular momentum – the jets can potentially
account for up to 90% of the accretion power;
Fender 2001) on the models has often not been
accounted for; this is particularly important since
the jet is thought to emit in the infrared and per-
haps optical (and X-ray?) regimes as well as the
radio (see Section 5). It has further been assumed
that ‘canonical’ X-ray transients follow the FRED
morphology whereas this is frequently not the
case, particularly in the X-ray lightcurves; even
in the genuinely soft sources a precursor low/hard
state phase is seen prior to the fast rise in all cases
where data is available (Brocksopp et al. 2002).
We investigate alternatives to these previous ass-
sumptions in Section 6.
3. Spectral Evolution
It might be expected that X-ray transients
would soften as they increase their flux during an
outburst and then harden again during the decay
– similar to the spectrum of Cyg X-1 during its
well-known state-change of 1996 (e.g. Zhang et al.
1997). Therefore it was somewhat surprising to see
that the SXT XTE J1859+226 was very hard at
the beginning of the outburst (peaking first in the
hard X-rays) and gradually softened throughout
the decay (Brocksopp et al. 2002). Superimposed
upon this trend were small-scale temporary hard-
enings which coincided with radio jet ejections.
Likewise XTE J1550−564 also showed a general
softening as the luminosity decayed following the
1998 outburst (Wu et al. 2002), although inter-
estingly the 2000 outburst hardened during decay
(Soria et al. 2001). Thus a correlation between
luminosity and spectral softness is not necessarily
observed in all cases.
While ideally we would have studied the vari-
ability of the XTE/ASM hardness ratio data for
the low/hard state sources, this has proved unre-
liable due to the poor signal-to-noise ratio; XTE
J1118+480 showed a possible softening at the on-
set of the outburst but this was non-conclusive
– however GRO J1719−24 did indeed soften as
the flux rose above quiescence (Revnivtsev et al.
1998). Revnivtsev et al. (2000b) found a gen-
eral softening in the spectra of GS 1354−64 over
the course of the outburst, with a sudden harden-
ing in the final observation (during the decay but
prior to quiescence) which coincided with a possi-
ble increase in flux. The TTM hardness ratio of
GRO J0422+32 remained approximately constant
(Sunyaev et al. 1994) but we note that none of
these observations took place during the rise to
outburst (which is where any significant spectral
changes would be expected to take place). The
spectral behaviour of V404 Cyg is more compli-
cated than the other sources and further discus-
sion is beyond the scope of this paper – instead
we refer the reader to Oosterbroek et al. (1997)
and Z˙ycki et al. (1999).
4. The low-frequency QPO
The presence of a quasi-periodic oscillation
(QPO) in the X-ray power spectrum of an X-
ray binary is a common feature of the low/hard
state, as well as the intermediate and very high
states (e.g. Wijnands & van der Klis 1999 and
references therein) – however, the frequencies at
which they occur seem to be noticeably lower in
the low/hard state. This has been the case in
V404 Cyg, GRO J1719−24, GRO J0422+32, GS
1354−64 and XTE J1118+480, all of which show
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a QPO at mHz frequencies (see Oosterbroek et
al. 1997, van der Hooft 1996, 1999, Brocksopp
et al. 2001 and Wood et al. 2000 respectively)
– furthermore in each case other than V404 Cyg
(for which a QPO at ∼ 0.05 Hz was detected dur-
ing the brightest observation only) the frequency
of the QPO does not remain constant. Instead it
increases during the outburst, showing little or no
apparent correlation with the X-ray intensity; the
presumed decrease in frequency following the re-
turn to quiescence has not been observed to date
for any of the low/hard state sources.
Plots showing the frequency variability of the
QPO in each source are shown in Fig. 2. We
note that in the case of GRO J0422+32 there were
two different QPOs detected, at approximately 40
and 200 mHz; it is the latter which shows the
variability. It is also the only source for which
there is even the hint of a correlation between
the QPO frequency and the X-ray flux – how-
ever, cross-correlating the QPO data with the X-
ray lightcurve does not confirm the presence of any
correlation in any of the sources. Furthermore we
find that the duration of the QPO frequency in-
crease is a factor of at least 1.5–2 times the dura-
tion of the X-ray flux rise (with the possible excep-
tion of XTE J1118+480 for which the rise times
may be comparable, although there is insufficient
data to be certain). The QPO frequencies of GS
1354−64 are notably lower (by a factor of ∼ 10)
than those of the other sources; we note that the
outburst of GS 1354−64 was noticeably less dra-
matic that the others, although it is not at all clear
whether this is related to the lower frequency of
the QPO. It is also possible that, as in the case of
GRO J0422+32, a second QPO was present (but
undetected) in GRO J1719−24, GS 1354−64 and
XTE J1118+480 which would explain the differ-
ence between the frequencies.
The remaining three sources have not been re-
ported to display QPOs. In the case of A1524−62
and 4U 1543−475 this is because there is no
published power spectrum. In the case of GRS
1737−31 a power spectrum has been computed
but the data quality insufficient to determine
whether or not a QPO was present (Cui et al.
1997, Cui 2001 priv. comm.).
It has been suggested that the mHz QPO of
X-ray transients may relate to the inner edge of
the accretion disc (e.g. Revnivtsev et al. 2000b)
– thus if the softening during the outburst is due
to the inner edge of the disc moving inwards we
would expect an increase of the QPO frequency, as
indeed we see (Revnivtsev et al. 2000b). This sce-
nario seems feasible, especially since during gen-
uinely soft outbursts the sources tend to display
higher frequency (Hz-kHz) QPOs (e.g. Cui et al.
2000). However, we would also expect the inner
edge of the disc to move outwards again at the re-
turn to quiescence, thus decreasing the QPO fre-
quency back to its “quiescent value”; while this
behaviour has not been observed in any of these
sources (although hinted at in GRO J0422+32)
it has been observed during the low/hard state
phases of the 2000 outburst of XTE J1550−564
(Reilly et al. 2001).
An alternative origin for this QPO is presented
in Wood et al. (2001). They suggest that it is pro-
duced at a large radius within the disc and that
its frequency is inversely proportional to the disc
mass. While a decrease in QPO frequency after
the outburst is still expected, their model predicts
this to take place after the return to quiescence;
measurements of the QPO frequency have not yet
taken place for long enough after the peak (for any
source) for this to have been observed. However,
if this model is correct then we might also expect
a similar relationship between the disc mass and
QPO frequency in canonical soft X-ray transients.
In the case of these objects the QPO frequency
is higher and so an even greater reduction in disc
mass during the outburst would be required; this
would depend on the relative amounts of mass
transfer and mass accretion taking place as the
inner edge of the accretion disc moves inwards to
the last stable orbit (as is predicted to take place
during the transition to softer states e.g. Esin et
al. 1997).
5. ‘Radio jets’ and optical emitting re-
gions
Evidence for the ubiquity of radio jets in most
classes of X-ray binaries is mounting constantly.
As well as probably all black hole candidates in
the low/hard state and during outburst, the Z-
sources (whilst on the horizontal branch) and the
transient neutron star systems (whilst in outburst)
also show evidence for some form of jet behaviour
(e.g. Fender 2001, Fender & Hendry 2000). How-
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ever, it is also apparent that the jet is not purely
a ‘radio jet’ – the synchrotron spectrum that is
thought to be the jet signature is frequently seen
up to higher frequencies in the infrared and pos-
sibly the optical. In the case of XTE J1118+480
Markoff et al. (2001) were able to fit a synchrotron
spectrum to the full range of frequencies up to the
hard X-rays (with an additional black-body disc
component in the optical). More recently a simi-
lar model has been successfully applied to thirteen
broad-band spectra of differing luminosities ob-
served from GX 339−4 during the low/hard state.
The jet model also analytically predicts the slope
of the radio/X-ray correlations seen in this source
(Markoff et al. 2003, Corbel et al. 2003). If the
power-law X-ray emission is indeed emitted by the
jet then these jets are considerably more powerful
and use a much greater fraction of the accretion
energy than most current models allow.
A flat or inverted synchrotron spectrum has
already been well-established at radio frequen-
cies in each of the low/hard state sources stud-
ied here (where radio observations were available,
Fender 2001). We have therefore compiled the full
spectrum from radio to X-rays in order to deter-
mine whether the synchrotron spectrum of XTE
J1118+480 is an exception or the rule. The re-
sulting broad-band spectra for V404 Cyg, GRO
J1719−24, GRO J0422+32 and GS 1354−64 are
shown in Fig. 2 for three different epochs per
source. The epochs were chosen so as to make op-
timum use of simultaneous observations and also
to sample a range of different types of activity
– for example, the peak of the initial outburst,
a secondary outburst and a period of low lumi-
nosity (this was not possible for GS 1354−64 for
which the three epochs were the rise, peak and
decay). All optical points have been de-reddened
according to the extinction values quoted in Liu
et al. (2001) and the interstellar extinction curve
of Whittet (1992).
Initial inspection of the resultant broad-band
spectra suggests that despite the very different
lightcurve properties of each outburst, their spec-
tral properties were similar. It is also notable
that the spectra at different epochs do not vary
considerably. The flat/inverted radio behaviour is
clearly seen for each source, although some epochs
are contaminated by optically thin ejections (e.g.
GRO J1719−24: JD 2449777), but as is so often
the case (Fender 2001) it is not possible to deter-
mine the high energy cut-off to the synchrotron
spectrum. While the frequency coverage is not
good enough to confirm that the synchrotron spec-
trum extends to the X-ray regions, neither can
we state categorically that it is impossible; the
spectra of these four sources here resemble that of
XTE J1118+480 and formal fitting of these broad-
band spectra with a synchrotron spectrum is in
progress1.
It is important to note that while much of this
work is speculative on account of insufficient ob-
servations in the millimetre regions of the spec-
trum, it is not always possible to fit a disc spec-
trum to the optical emission. The most notable
example is XTE J1118+480 which requires an ad-
ditional flat-spectrum component, possibly syn-
chrotron (Hynes et al. 2000). Likewise GRO
J0422+32 was poorly fit by a disc spectrum and
was better fit by a self-absorbed synchrotron spec-
trum (Hynes & Haswell 1999). Although in this
latter case the fit was determined when the source
was close to quiescence, as we noted above this
need not have much effect since the spectrum was
approximately constant throughout the outburst
period (Fig. 2). We acknowledge that an ADAF is
also expected to emit optical and UV synchrotron
emission (e.g. Esin et al. 1997) but it is remark-
able that the flux density of both jet and ADAF
should be apparently so similar. There must be
a very close relationship between the two compo-
nents, if indeed they co-exist (e.g. Meier 2001).
In support of this we note that in the case of GS
1354−64, XTE J1118+480 and V404 Cyg the op-
tical:soft X-ray luminosity ratio was surprisingly
low (≤ 19 compared with an average of ∼ 22± 1;
van Paradijs & McClintock 1995) relative to that
of soft X-ray transients, thus suggesting that X-
ray processing was not the only (or even the dom-
inant) source of optical emission, particularly as
some sources peak in the optical before the X-ray
(Brocksopp et al. 1999, Chen et al. 1997). In-
spection of the broad-band spectra would suggest
that the optical:soft X-ray luminosity ratio was
probably also low in GRO J1719−24 and GRO
J0422+32. While it is possible that the excess op-
tical emission could be due to the companion star
1Preliminary results suggest that some of these spectra can
indeed be fit with the Markoff et al. (2001) jet model.
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and/or accretion stream impact point, again it is
a remarkable coincidence that the radio and opti-
cal flux densities of each source are so comparable
(Fender 2001), particularly in those sources where
there is also some degree of correlation between
the optical and radio lightcurves.
However, there are further features which may
indicate that the broad-band spectrum is not al-
ways dominated by the jet, particularly as the op-
tical and radio lightcurves are not necessarily well-
correlated. Brocksopp et al. (2001) show that
in the case of GS 1354−64 the various peaks of
the optical lightcurve implied that the increased
mass flow (and/or instability) which caused the
outburst was observed directly as it crossed the
optical-emitting regions of the disc, suggesting
that the optical luminosity excess (relative to
the X-ray) is not necessarily synchrotron emis-
sion. Furthermore the QPO discovered in XTE
J1118+480 at optical frequencies was found to be
correlated with the X-ray data (Kanbach et al.
2001) but with an optical dip preceding the X-
ray peak that is not well-explained by reprocess-
ing of X-rays (Spruit & Kanbach 2002); instead it
was suggested that a relatively slow, dense outflow
from the inner regions of the accretion disc was
present, producing optical cyclosynchrotron emis-
sion. If we are to explain the broad-band spectra
in terms of a dominating synchrotron jet then fur-
ther investigation of the nature of the QPO would
be necessary, particularly at optical wavelengths.
6. Discussion
The aim of this paper is not necessarily to ‘drive
a wedge’ between the ‘canonical’ black hole SXTs
and this sub-class of low/hard state X-ray tran-
sients (LHXT; we note that the term ‘hard X-ray
transient’ has been applied previously to the Be
+ neutron star binary systems). While we can
see that the sources studied here are not classi-
cal FRED sources, neither are a large number of
SXTs, on account of both lightcurve morphology
(Chen et al. 1997) and X-ray spectral state (e.g.
Brocksopp et al. 2002); thus it is becoming timely
for a re-definition of the ‘canonical’ X-ray tran-
sient which incorporates the now numerous radio
jet and spectral (X-ray and broad-band) observa-
tions.
Models for SXT outbursts have been largely
based on the disc instability model (DIM), ini-
tially developed for the outbursts of dwarf no-
vae but later adapted for SXTs (e.g. Lasota
2001 and references therein). The model’s suc-
cess has been due to its ability to produce FRED-
shaped lightcurves, thus having the potential to
describe observations of X-ray transient outbursts
(e.g. King & Ritter 1998; Dubus et al. 2001). The
original model has been adapted to include addi-
tional physical mechanisms of relevance in X-ray
binaries; by invoking disc irradiation and trunca-
tion of the inner disc, the basic rise, decay and
recurrence times can be reproduced (Lasota 2001).
There are a number of problems with the DIM,
particularly as a large number (> 50%; Chen et al.
1997) of SXT outbursts do not display ‘canonical’
FRED behaviour. These problems are well-known
(e.g. Chen et al. 1997) and it is thought that they
may be rectified with the inclusion of accretion
disc coronae and/or warps (Lasota 2001). Addi-
tionally there are difficulties in describing the qui-
escent and low/hard states without the inclusion
of an ADAF or coronal outflow (e.g. Esin et al.
1997, Merloni & Fabian 2002). However it is also
of vital importance that the broad-band, and par-
ticularly the X-ray spectra are taken into account,
especially if a truncated inner disc is required in
order to model the lightcurves. In particular the
DIM assumes that the X-ray outburst takes place
in the disc and that the optical emission is pro-
duced via reprocessing of these soft X-ray pho-
tons (e.g. Lasota 2001) – but in the case of the
outbursts which remained in the low/hard state
all X-ray photons were produced in the corona;
the DIM does not consider the production of this
power-law X-ray emission.
More recently the outburst of XTE J1118+108
was modelled in terms of a diffusion model instead
of the DIM (Wood et al. 2001). Rather than
assuming that an outburst is caused by a build-
up of mass in the disc during quiescence which
then becomes unstable (as in the DIM), this dif-
fusion model is based on the assumption that spo-
radic/variable mass transfer from the companion
takes place. While a FRED morphology for the
first of the two X-ray peaks of XTE J1118+108
was generated by this model, as well as the non-
FRED second peak, it should also be noted that
this model does not yet include a trigger and as
such is currently incomplete.
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The most desirable model (or perhaps combi-
nation of models) would not only explain all SXT
and LHXT outbursts, but would also be consis-
tent with models for the state changes of persis-
tent X-ray binaries such as Cyg X-1 and LMC X-
3 (including the ‘failed state changes’ of Cyg X-1
during which the source remains in the low/hard
state – Brocksopp et al. 1999). These are all sup-
posedly the result of variable mass transfer and/or
accretion; could they all be produced by the same
mechanism as X-ray transient outbursts? In par-
ticular, Wilms et al. (2001) showed that the long
modulation of LMC X-3 was produced, not by the
assumed precession of the accretion disc, but by
quasi-periodic changes in the mass transfer rate.
Likewise Fender et al. (1999) suggest variable
mass transfer for outbursts in Cyg X-3. We note
also that, in the Be + neutron star binary sys-
tems, outbursts occur at periastron of an eccentric
orbit (e.g. van Paradijs & McClintock 1995 and
references therein) – again suggestive of some out-
bursts being the result of variable mass transfer
rather than instabilities within the disc.
It has also been suggested that the ‘super-
outbursts’ seen in the SU UMa class of cata-
clysmic variable stars are the result of a ‘normal’
disc instability outburst triggering additional mass
transfer from the companion, perhaps due to in-
creased irradiation; the DIM alone cannot provide
sufficient power for an outburst of such magni-
tude and duration (Frank, King, Raine 1992). A
similar mechanism has been suggested for XTE
J1118+480 (Kuulkers 2001). However this does
not explain the outburst of GRO J1719−24 – in
this case the ‘superoutburst’ preceded the ‘normal’
outburst. If irradiation is not the sole cause of the
increased mass transfer then an alternative mech-
anism may be necessary; models of an accretion
disc wind instability limit cycle or a variable Roche
lobe filling factor have been suggested for LMC X-
3 (Wilms et al. 2001, Wu et al. 2001) and should
be considered as potential mechanisms in other
sources.
The suggestion that variable mass transfer from
the companion might be important for X-ray tran-
sient outbursts is not new; e.g. Hameury et al.
(1986) considered the possibility of unstable mass
transfer caused by illumination of the stellar com-
panion. This was later discounted in favour of
the DIM (e.g. Mineshige & Wheeler 1989, Gon-
tikakis & Hameury 1993), the main problem be-
ing that the mass transfer instability is insuffi-
cient to produce the high levels of variability ob-
served. This problem may be avoided if the broad-
band spectrum is considered. If, as appears to be
the case in the low/hard state of (at least) XTE
J1118+480 and GX 339−4 (Markoff et al. 2001,
2003; Corbel & Fender 2002), a significant propor-
tion of the X-ray luminosity is produced via the
synchrotron mechanism then acceleration within
the jet is likely to be its source, thus reducing the
magnitude of the required mass transfer variabil-
ity. While this is particularly important in the
case of the low/hard state sources, the power in
the jet ejections also has significant implications
on determination of the mass accretion rate in soft
events.
Furthermore SXT outbursts of XTE J1859+226,
XTE J1550−564 and many others have been ob-
served to pass through the low/hard state prior to
softening; they have not made a direct transition
from quiescence to the high/soft (or very high)
state. All recent black hole SXT outbursts have
shown this behaviour and those less recent sources
which have not appeared to exhibit this behaviour
have not actually been observed in sufficient detail
to be certain either way (Brocksopp et al. 2002).
There has been no attempt to fit the DIM to any
source with the inclusion of this initial hard state
and it is important that the power requirements
of the initial hard state (and its associated jet) are
incorporated into models.
With the low/hard state shown to be such a
ubiquitous behaviour of black hole X-ray bina-
ries it is extremely important that these LHXT
‘mini-outbursts’ and the initial hard state prior
to a black hole SXT outburst are not forgot-
ten about. Does the same mechanism produce
both the off–LHS and LHS–VHS transitions (i.e.
LHS=low/hard state and VHS=very high state)?
Can we assume that the off–LHS transition is
produced by the same mechanism regardless of
whether the outburst is a black hole SXT or
LHXT? (We note that it is not yet certain whether
or not the ‘off’ and ‘low/hard’ states are actu-
ally two distinct spectral states.) What conditions
are present to cause a source to then make the
LHS–VHS transition as well? These questions are
particularly interesting for a source such as GS
1354−64 which has displayed both types of out-
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burst.
In summary, while we do not intend this paper
to necessarily favour one model over others, the
low/hard state outbursts studied in this paper do
not appear to be explained in terms of the DIM as
it stands currently; either the DIM needs signifi-
cant modification to include the properties of the
jet and broad-band spectrum, or some new model
is required, in which case a sporadic mass trans-
fer model (such as the diffusion model of Wood et
al. 2001) may be a viable alternative, subject to
further testing and inclusion of the jet and out-
burst trigger. Furthermore, given the ubiquity of
low/hard state behaviour in black hole X-ray bina-
ries, it is possible that some form of variable mass
transfer model could apply to black hole SXT out-
busts as well, at least in providing the off–LHS
transition at the onset of the outburst. If this
is the case then we need to determine the condi-
tions and mechanism (disc instability?) by which
a black hole SXT then proceeds to the very high
state.
6.1. XTE J1550−564: A test case
The points raised in the previous sections can
be well-illustrated by using XTE J1550−564 as a
case-study. It is particularly useful since its ob-
serving coverage has been excellent at all frequen-
cies and all behaviours studied in this paper have
been observed in this single source.
XTE J1550−564 was discovered when it en-
tered a SXT outburst in 1998, passing through all
of the known X-ray spectral states over the course
of this outburst, including an initial low/hard
state phase (e.g. Homan et al. 2000). The
outburst has been studied at X-ray–radio wave-
lengths and a mass transfer instability invoked as
the trigger of the extremely hard “spike”, which
took place at the onset of the outburst (Wu et al.
2002).
Radio observations revealed a jet with appar-
ent superluminal motion, as well as the ubiquitous
synchrotron spectrum (Hannikainen et al. 2001).
More recent observations have shown that more
than two years after the event the ejecta were still
resolvable at radio and at X-ray wavelengths and
with a broad-band synchrotron spectrum (Corbel
et al. 2002).
Furthermore there were additional outbursts in
2000, 2001 and 2002; an initial low/hard state was
observed in 2000 before the source softened and
the two more recent outbursts remained in the
low/hard state throughout (Belloni et al. 2002).
Radio observations in 2002 confirmed the presence
of a typical low/hard state jet spectrum (Corbel
et al. 2002). The QPO behaviour during the
2000 outburst was particularly well-observed; both
rise and fall of QPO frequency were seen during
the LHS phases of the outburst. The frequency
reached a plateau briefly during the LHS–VHS
transition before disappearing for most of the VHS
and reappearing again during the transition back
to the LHS (Reilly et al 2001).
Thus study of this one source suggests (con-
firms?) that (i) there are problems in explaining
the power-law X-ray emission with conventional
outburst models, (ii) the proposed broad-band jet
spectrum can be imaged and (iii) a single source
can enter outbursts of different spectral properties.
7. Conclusions
We have accumulated multiwavelength datasets
for the eight black hole X-ray binaries which have
been observed to enter an outburst but remained
in the low/hard state throughout. We show that,
despite very similar X-ray spectral properties, the
lightcurve morphologies of these sources are very
different, as are the relationships between the X-
ray, optical and radio lightcurves. However, the
QPO and jet properties are comparable in each
system.
This comparison of the low/hard state tran-
sients suggests that some mechanism to explain
the outbursts in the context of their spectral prop-
erties is necessary; the disc instability model cur-
rently lacks the flexibility to do this and needs
modification in order to allow for the the observed
jet. We also suggest that in light of the more re-
cent observations of both low/hard state and soft
X-ray transients (e.g. XTE J1550−564), the var-
ious models of sporadic mass transfer should not
be ruled out, at least during the low/hard state
phase of the outburst – testing of these sugges-
tions is work in progress.
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Captions
Table 1: List of sources which entered an out-
burst but remained in the low/hard state through-
out. Bullet points indicate the frequencies at
which observations were attempted during the
outburst.
Table 2: Conversion table for instrumental
count rates to Crab units.
Fig. 1: Lightcurves for six of the low/hard state
transient sources. The top left plot shows X-ray
lightcurves for A1524−62, 4U 1543−475 and GRS
1737−31. The other three plots show X-ray, opti-
cal and radio lightcurves for V404 Cyg (top right),
GRO J0422+32 (bottom left) and GRO J1719−24
(bottom right). Data have been obtained from the
sources listed in Table 1. Arrows represent upper
limits. Thick vertical lines on the X-ray panels
indicate the epochs plotted in Fig. 2.
Fig. 1: (Contd.) X-ray, optical and ra-
dio lightcurves for GS 1354−64 (left) and XTE
J1118+480 (right). Data have been obtained
from the sources listed in Table 1. Arrows repre-
sent upper limits; note that the optical error-bars
are smaller than the symbols in the case of GS
1354−64. Thick vertical lines on the X-ray panels
indicate the epochs plotted in Fig. 2.
Fig. 2: The variability of the low frequency
QPO in GRO J1719−24, GRO J0422+32, GS
1354−64 and XTE J1118+480. The increase in
frequency does not correlate well with the X-ray
lightcurve. Figures have been adapted from van
der Hooft (1996, 1999), Brocksopp et al. (2001)
and Wood et al. (2000).
Fig. 3: Broad-band spectra for V404 Cyg, GRO
J1719−24, GRO J0422+32 and GS 1354−64,
which qualitatively resemble Fig. 1 of Markoff
et al. (2001). Three epochs are plotted corre-
sponding, where possible (i.e. not in the case of
GS 1354−64) to outburst peak (cross), secondary
peak (star) and low luminosity (square) but the
level of variability appears to have little effect on
the shape of the spectrum. Optical data have
been de-reddened as described in the text. An
additional point has been included in the GRO
13
J0422+32 plot, which is the 10µm detection by
van Paradijs et al. (1994). Errors on the points
are smaller than the size of the symbols (for those
points for which error information is available)
and downwards arrows indicate upper limits.
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Table 1
Source Alternative Name Date X-ray† Optical Radio Data Sources
V404 Cyg GS 2023+338 1989 • • • Terada et al. 1994, in’t Zand et al. 1992, Wagner et
al. 1991, Casares et al. 1991, Han & Hjellming 1992
A1524−62 TrA X-1, V*KY TrA 1990 • Barret et al. 1992, 1995
4U 1543−475 V*IL Lup 1992 • BATSE archive
GRO J0422+32 Nova Per, V518 Per 1992 • • • BATSE archive, Sunyaev et al. 1994,
Garcia et al. 1996, Shrader et al. 1994
GRO J1719−24 GRS 1716−249 1993 • • • BATSE archive, Sunyaev et al. 1994, Masetti et al.
Nova Oph, V2293 Oph 1996, Hjellming et al. 1996, Della Valle et al. 1994
GRS 1737−31 1997 • RXTE/ASM archive, Trudolyubov et al. 1999
GS 1354−64 Cen X-2, BW Cir 1997 • • • RXTE/ASM & BATSE archives, Brocksopp et al. 2001
XTE J1118+480 2000 • • • RXTE/ASM archive, Kuulkers 2001, Pooley 2001,
Wood et al. 2000
Note.—
† Each source was observed at both low (≤ 12 keV) and high (≥ 12 keV) X-ray energies with the exception of 4U 1543−475 (≥ 20
keV only) and XTE J1118+480 (≤ 10 keV only). Observing coverage of the spectral range for each source is shown in Fig. 1 and discussed in
Section 1.16
Table 2
Instrument Energy Range (keV) 1 Crab References
ROSAT/PSPC 0.1–2.4 303 cts/s Pietsch et al. 1993
GRANAT/SIGMA 35–75 0.108 ph/s/cm2 Trudolyubov et al. 1999
GRANAT/SIGMA 75–150 0.044 ph/s/cm2 Trudolyubov et al. 1999
Ginga/ASM 1–20 2.7 cts/s/cm2 Tsunemi et al. 1989
Kvant/TTM 2–10 1.44 cts/s/cm2 J. in ’t Zand, priv. comm.
Kvant/TTM 10-27 0.32 cts/s/cm2 J. in ’t Zand, priv. comm.
CGRO/BATSE 20–100 0.3 ph/s/cm2 M.McCollough, priv. comm.
RXTE/ASM 2–10 75cts/s Levine et al. 1996
ARGOS/USA 2-12 3300 cts/s P. Ray, priv. comm.
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